Três testemunhos sedimentares foram coletados na Baía de Guanabara. Dois deles apresentaram perfis de concentração de 210 Pb que poderiam ser utilizados para fins de datação. Taxas de sedimentação de aproximadamente 1 cm ano -1 (cinco vezes superior aos valores de linha de base) foram observadas para os dois testemunhos, coerentes com os dados existentes na literatura relacionada à datação de sedimentos da Baía de Guanabara, empregando-se 210 Pb. A validação da datação foi realizada com base nos perfis de cobre, cromo e chumbo, no fluxo de 210 Pb e no registro histórico das principais intervenções físicas ocorridas no século passado, tais como aterro, a canalização de rios principais e a construção de vias rápidas. No final deste processo, apenas a datação de um único testemunho pôde ser adequadamente validada.
Três testemunhos sedimentares foram coletados na Baía de Guanabara. Dois deles apresentaram perfis de concentração de 210 Pb que poderiam ser utilizados para fins de datação. Taxas de sedimentação de aproximadamente 1 cm ano -1 (cinco vezes superior aos valores de linha de base) foram observadas para os dois testemunhos, coerentes com os dados existentes na literatura relacionada à datação de sedimentos da Baía de Guanabara, empregando-se 210 Pb. A validação da datação foi realizada com base nos perfis de cobre, cromo e chumbo, no fluxo de 210 Pb e no registro histórico das principais intervenções físicas ocorridas no século passado, tais como aterro, a canalização de rios principais e a construção de vias rápidas. No final deste processo, apenas a datação de um único testemunho pôde ser adequadamente validada.
Three sediment cores were taken from Guanabara Bay. Two of them yielded 210 Pb profiles that could be applied for dating purposes. Actual sedimentation rates of approximately 1 cm year -1 (five times higher than the baseline values) were observed for both sediment cores, which agree with the reviewed existing data in the literature related to Guanabara Bay sedimentation rates based on
Introduction
Guanabara Bay is located in the State of Rio de Janeiro, between parallels 22º 24' and 22º 57' south latitude and meridians 43º 33'and 43º 19' west. The bay is an estuary with a total area of 346 km 2 , including 59 km 2 of islands. Guanabara Bay is one of the most important coastal bays in Brazil and is an estuary of 91 rivers and canals surrounded by the cities of Rio de Janeiro, Duque de Caxias, São Gonçalo, Niterói and some other small towns and villages. 1 The estimated average flow of input of the Guanabara Bay is narrow close to its mouth and wide at its interior, measuring approximately 30 km from north to south and approximately 28 km from east to west; 2 its greatest extent in a straight line is 36 km between the end of Copacabana beach and the mouth of the Magé river. The maximum width is 29 km measured from the Meriti to Guapimirim rivers, and there is a minimum of 1,650 meters from Ponta de São João (Rio de Janeiro) and the tip of Santa Cruz (Niterói). 3 The drainage basin of Guanabara Bay has a total volume estimated at 2.2 × 10 9 m 3 . The tidal currents are highly efficient, and they provide a volume of water exchange of approximately 108 m 3 per tidal cycle, which is 10% of the total volume of the bay. 2 The mean residence time of the waters of Guanabara Bay is 20 ± 5 days. 2 The sediments of Guanabara Bay is composed mainly by sandy and silt-clay sediments. 3 Additionally, clay-silt-sand sediments occur on the coast of Caxias, São Gonçalo and the Catalão inlet (Fundão Island), and silt-sand sediments occur exclusively at the Caxias coastline. The sands are distributed at the entrance of the bay and the central channel extending to Governor Island. 3 Deposits of mud and sand, found in the northern part of the bay, are the result of the active transport of particulate matter and flocculated clays. 3 Mangroves are important sources of sediments in the northeastern region. In the northwestern and the western regions, the entry of sediments is substantial, and the area is highly influenced by human activities, such as sewage inputs, the channeling of rivers, deforestation and agricultural activities. The contribution of rivers to the siltation of Guanabara Bay is approximately 4,000,000 tons year -1 . The supply of river sediments is controlled by seasonal climatic cycles. Heavy summer rains are responsible for the most significant inflows of sediment. The sea, often considered the main source of sediment for many environments, has been considered a secondary source for Guanabara Bay. 3 The sedimentation rate of Guanabara Bay has changed dramatically over the twentieth century; these changes are closely related to historical changes in the region. Studies conducted by Amador 3 demonstrated that the more affected region lies between the mainland and Governor Island, with a sedimentation rate of 0.27 cm year -1 between the years 1850s to 1920s and an average 0.87 cm year -1 between the years 1940s to 1960s, reaching 1.0 cm year -1 in the 1990s. In regions close to the mainland, rates above 1.0 cm year -1 have been found. Wilken et al. 5 determined the sedimentation rates in the northwestern region of Guanabara Bay. The sedimentation rate was estimated using 210 Pb obtaining a value of 2.0 cm year -1 . Studies carried out by Godoy et al. 6 have shown that the sedimentation rates found in different regions of Guanabara Bay are similar, with values between 1 and 2 cm year -1 . These results agree with values reported by the Japan International Cooperation Agency (JICA). 7 Therefore, it is possible to conclude that the sedimentation rates in Guanabara Bay have been increased by 10 times the original rate. The factors that lead to these higher sedimentation rates can be sub-divided into (i) those that cause a potential large spatial scale increase in sedimentation rate, such as industrialization in the region and the growth of the population living around the bay and (ii) those that could produce a punctual increase such as construction of embankments, the expansion of the international airport and the rapid construction of transportation routes. The sediments of Guanabara Bay are considered highly enriched with Pb, Zn, Cu and Cr compared with the natural concentrations and other regions in the world. 1, 8 Several studies have noted that the main burden of heavy metals reaches the bay through a few rivers located in the northwest, especially the Sarapui, Meriti, Iguaçu, Estrela and Irajá rivers. [9] [10] [11] [12] The high concentrations of metals assigned to the northwest are due to discharge of the most polluted rivers in this area and the location of a large oil refinery in the region. 1 However, studies indicate that the rivers that cut through the cities of Niterói and São Gonçalo are also sources of heavy metals in Guanabara Bay, particularly to the east. The concentrations of metals in these rivers are due to urban development and the large amount of domestic sewage into the bay without treatment. 13 Two other areas that have high concentrations of heavy metals are the port of Rio de Janeiro and Jurujuba Bay, which is heavily polluted by domestic sewage.
14 The lowest concentrations of heavy metals are found in the southern region of the Bay, near the inlet. The northeastern and northwestern regions have the same kind of sediments; however, due to the existence of an environmental protected area at the northeastern part of the bay (APA Guapimirim), lower concentrations of heavy metal are found in this region compared with the northwestern part. 1 The present work aimed to contribute the actual and baseline sedimentation rate values in Guanabara Bay, which can be used to evaluate the historical pollution in this important environment. In this direction, heavy metals were determined along the 210 Pb-dated sediment cores and the observed concentration changes correlated to local events. Additionally, the present work intends to review the existing 210 Pb based data for actual and past sedimentation rates in Guanabara Bay.
Experimental
Three sediment cores were collected using divers at the sampling points shown in Figure 1 . The sampling point coordinates and main characteristics are presented in Table 1 . The sediment cores were cut with 2 cm slices, dried at 110 °C until constant weight and fine ground using agate mortar.
The 210 Pb concentrations were determined according to the procedure described by Godoy et al. 15 Briefly, 5 g Vol. 23, No. 7, 2012 aliquots were taken and leached with 50 mL 0.5 mol L -1
HBr for 2 h at 80 °C. The obtained solution was separated and the residue leached with 50 mL 0.5 mol L -1 HBr and 1.0 g hydroxylamine hydrochloride for 2 h at 80 °C. A lead carrier was added to the resultant solution, and the mixture was transferred to an ion-exchange column containing a Dowex 1X8 50-100 mesh. This step was followed by a cleaning with 0.5 mol L -1 HBr and 1.0 g hydroxylamine hydrochloride and further elution with 1 mol L -1 HNO 3 . The lead was precipitated as chromate, and the chemical yield was obtained gravimetrically. The concentration of 210 Pb was determined based on its daughter decay product, 210 Bi, after a two-week ingrowth period by beta counting on a ten-channel low-level proportional counter (Perkin-Elmer Prof. Berthold LB-750). The limit of detection of this technique is 1 Bq kg -1 for a 1,000-min counting time.
For elemental analysis, a pseudo-total method was applied in which 250 mg sediment aliquots were digested with agua regia at 95 ºC, similarly to the EPA 3050-B method for ICP-AES but avoiding the use of H 2 O 2 to reduce the blank values. Lead, copper and chromium elemental concentrations were determined by ICP-MS (Varian ICP-MS 820), as described by Gomes et al. 16 Blank and reference samples (IAEA-405 sediment sample) were included in every sample batch. The limits of detection were several orders of magnitude lower than the elemental concentrations found in the sediment samples.
The sediment core chronologies were determined using the constant rate of supply (CRS) model [17] [18] [19] for the sediment cores, BG-08 and BG-28. Logarithmic plots of the 210 Pb concentration versus sediment depth were first built, and excess 210 Pb was calculated by subtracting the constant value observed in the core bottom, as shown in Figures 2a, b and c. According to Masqué et al., 20 these velocities should be considered as an upper limit. Table 2 presents the results obtained for the determination of Cr, Cu and Pb on marine sediment sample IAEA-405 together with the reference values. A statistically valid agreement (95%) for copper and lead, and a recovery of 62% for chromium can be observed. The aqua regia leaching provides a total recovery for many metals but not for chromium. 21, 22 To obtain the total chromium concentration in the Guanabara Bay sediment samples, the obtained values were divided by 0.62 recovery factor.
Results and Discussion
Pb-210 sediment dating -cores BG-08, BG-14 and BG-28
As shown in Figure 2b , is on the range of those observed for the sampling point D (Table 3) . According to variable sedimentation rates in Guanabara Bay, 3, 6 the decision was made to apply the constant of rate supply model (CRS) in both cases (Figures 3a and b) .
For the BG-08 and BG-28 sediment cores, actual and baseline sedimentation rates of approximately 1 and 0.3-0.4 cm year -1 , respectively, were observed in agreement with the previous studies carried out in Guanabara Bay (Table 3) .
Although interventions in Guanabara Bay have occurred since colonial times, the major interventions have happened in the twentieth century with the industrial development of the regions surrounding the bay. Between 1949 and 1952, a group of eight islands were grounded in the region close to sampling point H for the construction of the actual University City (Figure 1 ). The region around Guanabara Bay called Baixada Fluminense, behind sampling point BG-28, suffered a major process of occupation after the 1940s, with the construction of urban lots, land filling and the opening of drainage channels. Up to late 1980s, a combination of factors may have caused changes in the sedimentation rate including 23 These radionuclides are present in the marine environment due to the nuclear weapons testing during the 50-60's and the Chernobyl accident in 1986. However, at the [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] o latitude band of the Southern Hemisphere the nuclear bomb fallout deposition is five times lower than observed, for example, at the 40-50 o latitude band in the Northern Hemisphere. 24 When well documented, the industrial development of a region is a valid alternative to the use of 137 Cs.
16 Table 4 compares the results obtained in the present work and the data found in the literature, most of which are related to superficial sediment samples with few exceptions, such as Godoy et al. 6 A very large variability is observed, which correlates with the existence of localized (point) pollution sources for heavy metals such as chromium. According to Baptista Neto et al., 1 the actual concentration ranges of Cr, Cu and Pb at sampling point BG-28 are 200-300, 80-100 and 60-100 mg kg -1 , respectively, which fit with the values presented in Figures 4a and b . The observed mean values for Cr, Cu and Pb along the sediment core (100 cm) taken at sampling point BG-08 were 143.8 ± 4.3 (n = 48), 68.2 ± 2.9 and 80.5 ± 4.1 mg kg -1 , respectively, also in agreement with the results published by Baptista Neto et al. 1 These results are also in agreement with the values published by Perin et al. 25 for the sampling points close to the Costa and Silva bridge for Cu and Pb, but are higher than the published values for Cr. Sampling point BG-28 directly receives the impact of the most contaminated tributaries, such as the Estrela and Sarapuí-Iguaçu rivers. In particular, the Bayer industrial complex at Sarapuí River, opened in 1958, released a metalrich effluent until 1982, when a new treatment plant was initiated. These two moments are observed in Figure 4a , particularly for Cr and Cu, with a sharp increase after 1960 and a decrease in the concentration after 1980, which validates the 210 Pb dating. Kfouri et al. 26 have identified Cr in a short sediment core (50 cm) taken at the same region as that from BG-28, and similar concentrations were found for the surface layers, while even higher concentrations were observed at deeper layers of up to 1,460 mg kg -1 . The Cu and Cr correlation is shown in Figure 5a , and the ratio observed for the recent layer shows that after closing their common source, this relationship is lost. This higher Cu/Cr ratio for the present years can be an indicative of a new significant source of cupper to the Guanabara Bay sediments. In fact, nowadays, it is visible a very large amount of ships anchored in the bay which leads to the hypothesis that the anti-fouling paint represents this source.
The observed Pb profile (Figure 4b ) was different from that of Cu and Cr and increased during the early 1960s. This result coincides with the opening of the Bayer industrial complex but without a reduction after the mid-1980s, as observed with Cr and Cu, due to improvements to the effluent plant. Figure 5b shows the Cr and Pb correlation. It can be observed that, although part of the Pb found in the sediments may also come from the Bayer industries, it is not the only Pb pollution source. Gasoline additivation with lead was practiced in Brazil until 1992, but, based on the lead depth profile, lead input to Guanabara Bay still occurs. The presence of multiple sources of lead to Guanabara Bay was already noted by Geraldes et al. 27 based on the variation of lead isotopic ratios.
Based on the CRS model, it is possible to calculate the mass sedimentation rate (g cm -2 year -1
) at each analyzed sediment layer. Multiplying this rate by, for example, the concentration of a metal on the same layer, it is possible to obtain the metal flux to the sediment at the correspondent calendar year. Figure 6 shows the result obtained for chromium, the excess chromium (open dot) was calculated subtracting the baseline flux, that means, the chromium flux before 1960 (6 μg cm -2 year -1
). The area bellow the excess chromium flux curve corresponds to its load to the Guanabara Bay, at this region, due to the Bayer chemical complex and corresponds to 27 g m -2 . Sampling point BG-08 is located near the Costa e Silva bridge region where Perin et al. 25 observed the highest Cu and Pb concentrations in the sediments. Ten years later, Batista Neto et al. 1 verified that this region is still heavily contaminated by lead but not Cu. Pereira et al. 28 have demonstrated that the run-off from highways with heavy traffic can be a source of heavy metals to Guanabara Bay, which is particularly true for the region around the Costa e Silva bridge, which connects the cities of Rio de Janeiro and Niterói. The metal profiles in sediment core BG-08 were quite uniform and, therefore, not useful as a , which fits with the previously published data from Godoy et al. 6 and Lima. 4 However, the obtained value for sediment core BG-08 (85 mBq cm -2 year -1
) was much higher than the previously existing values, indicating a potential problem of sediment focusing. Due to the absence of a validation tool and a 210 Pb flux far from the expected range for this region, the BG-08 sediment core dating results should be used with caution. In contrast, sediment core BG-28 was validated by means of the Cu and Cr profiles, and the observed changes in the sedimentation rates fit with the existing data in the literature. 3, 4, 6, 35 Additionally, the 210 Pb flux agrees with the values reported by Lima, 4 Wilken et al. 5 and Godoy et al. 6 Existing data on the Guanabara Bay 210 Pb based sedimentation rate
The first publication on 210 Pb sediment dating applied to Guanabara Bay appeared in 1986 by Wilken et al.. 5 In this publication, there was no clear reference about the sampling point, only that it was collected at the northeastern region, which is the most polluted area of the bay. A sedimentation rate of 1.8 cm year -1 for the upper 35 cm layer was calculated by applying the CFCS (constant flux constant sedimentation) model. Based on the data in this publication, it was possible to estimate a 210 Pb flux of 44 mBq cm -2 year -1 . Godoy et al. 6 have analyzed five sediment cores (A-E) as shown in Figure 1, Figure 3 ) sampled close to sampling point C reported by Godoy et al. 6 The results were quite similar, with a change to a higher sedimentation rate, from 0.42 to 0.77 cm year -1 , occurring during the early 1950s (Table 3) . No data regarding the 210 Pb flux were available. Additionally to the Guanabara Bay data (Table 3) , it is shown on Table 5 210 Pb based sedimentation rate in different Brazilian coastal marine environments, estuaries and bays. It is possible to observe that for more pristine environments the sedimentation rate lies around 0.1-0.3 cm year -1 and on areas subjected to anthropogenic 
Conclusions
Based on the existing data in the literature and the additional data presented in the current work, it is possible to conclude that, in general, the actual Guanabara Bay sedimentation rate is approximately 1 cm year -1 , which represents an increment of five in relation to the baseline values. Because the main sources of heavy metals to the bay are well known, their profile with the sediment layer depth represents a useful tool for 210 Pb sediment dating. Additionally, the observed period when changes in the sedimentation rate occur along the core and the 210 Pb flux can help with the validation of the calculated ages.
